We use ab initio methods to study the atomic, electronic, and magnetic structure of nitrogen impurities in graphite and carbon nanotubes. We show that the probable configurations for the N impurity atoms are bridgelike adatoms on graphene sheets/nanotubes, substitutional sites and intercalated N 2 molecules. We further calculate the migration energy barrier for an N adatom on the graphite surface and the activation energy for the coalescence of two N adatoms into a molecule, which are 1.1 eV and 0.8 eV, respectively. We also find that the N adatom has a magnetic moment of 0.6 B and that substitutional N enhances the magnetism of C adatoms on graphite and nanotubes, acting as a general promoter of magnetism in carbon systems.
I. INTRODUCTION

Incorporation of nitrogen into sp
2 -hybridized carbon materials has been shown to be a promising way to change the mechanical and electronic properties of the material in a controllable manner. In particular, N-doped fullerenes have been found to exhibit a high hardness combined with a high elasticity due to cross-linking between curved basal planes. 1 Likewise, N doping of carbon nanotubes ͑CNTs͒ 2 can give rise to nanotube functionalization 3 and other changes in the structure, e.g., transformations of the atomic network to bamboolike structures, 4, 5 which can enhance field emission 6 from the nanotubes. An additional motivation for studies on nitrogen doping of CNTs is the idea that nitrogen substitutional impurities can provide more control over the nanotube electronic structure, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] as the N atom has roughly the same atomic radius as C, while it possesses one electron more than C. One can expect that nitrogen atoms should provide extra electrons and thus make all the tubes metallic, even if the original tubes were narrow-band semiconductors. This is of particular importance because as-grown CNTs represent a mixture of metallic and semiconducting tubes, and specific chiral control remains lacking.
Nitrogen impurities in -conjugated systems can, in principle, affect the magnetic properties of the material as well. 14 This is a very interesting point, as the origin of the magnetic signal experimentally observed in various carbon systems [15] [16] [17] [18] [19] is still unclear. In addition to the existing theories which explain magnetism in terms of undercoordinated atoms ͑defects͒ [20] [21] [22] [23] [24] [25] and special topology of the carbon atomic network, 26 one cannot exclude a contribution from impurities of light chemical elements which are nonmagnetic by themselves. Indeed, as experiments 27, 28 and theoretical calculations [29] [30] [31] [32] show, hydrogen atoms may play an important role in the magnetism of graphite, fullerenes and CNTs. Nitrogen may be important as well, whether intentionally or unintentionally introduced, as it can give rise to local spins and facilitate the development of the long-range magnetic order.
Irrespective of the magnetic properties of carbon systems, knowing the details of the interaction of N impurities with CNTs is also very important for understanding and optimizing the nanotube doping process. Several methods based on arc-discharge techniques 4, 33 or substitutional reactions 10 are used nowadays to produce nitrogen-doped CNTs. Similar to the doping of graphite 34 and fullerene solids, 35 irradiation 36 can be used to introduce N impurities. Independent of the method used, the key issue is the mobility of N atoms and formation of molecules intercalated between graphite layers.
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Following these two motivational directions, we report first principles studies of the magnetic properties of N impurities in graphite and CNTs, and of their migration and coalescence into molecules.
II. METHOD
The calculations have been performed using the periodic plane wave basis VASP ͑Refs. 37 and 38͒ code, implementing the spin-polarized density functional theory ͑DFT͒ and the generalized gradient approximation of Perdew and Wang. 39 We have used projected augmented wave ͑PAW͒ potentials 40, 41 to describe the core ͑1s 2 ͒ electrons. A kinetic energy cutoff of 400 eV was found to converge the total energy of our systems to within meV.
For a N atom on a single graphene layer, a 50-atom slab was used. For studying N on CNTs, ͑5, 5͒, ͑7, 0͒, and ͑9, 0͒ single-walled carbon nanotubes ͑SWNTs͒ were chosen, the unit cells contained 60, 56, and 72 atoms, respectively. Periodical boundary conditions were applied along the graphene surface and the axial direction of SWNTs. Supercells were constructed with adequate vacuum gaps between adjacent graphene layers and adjacent tubes in the radial direction so that interaction between images was negligible. We used five Monkhorst-Pack k-points 42 ͑⌫-point included͒ for the Brillouin zone integration for graphene and four for nanotubes. The minina of the total energy were found using a conjugate gradient algorithm. All atoms are fully relaxed until the change in energy upon ionic displacement is below 1 meV.
The adsorption energy E ads of an adatom ͑N or C͒ on a substrate ͑graphene or nanotube͒ is calculated from E ads = E sub-adatom − ͑E sub + E adatom ͒, where E sub , E adatom , and E sub-adatom are the energies of the substrate, the adatom, and the substrate-adatom system, respectively. The atomic ground states of N and C atoms are a quartet and a triplet state, respectively. We used the energies of these states as references to calculate the adsorption energies.
III. RESULTS AND DISCUSSION
A. Substitutional and adatom nitrogen impurities
We first studied the magnetic properties of the perfect sp 2 substitutional N impurity in the graphitic network, as this is the most stable configuration. The substitutional N atom is sp 2 -hybridized, as for lattice carbons, and the remaining two electrons participate in the -electron network of C atoms. For nanotubes the behavior of the dopant electron depends on the chirality, with complete delocalization on metallic tubes ͓͑9,0͒ and ͑5,5͔͒ and limited localization on the semiconducting tube. In contrast to previous studies, 3 despite relative agreement in the localization of the defect state, we found that the ground state of substitutional nitrogen was always nonmagnetic even when beginning with a magnetic guess configuration. In order to check that this was not a result of the density of the defects, we considered ͑7,0͒ nanotubes up to 43 Å in length and observed no change in the result. We also further considered an ͑8,0͒ nanotube of 43 Å in length, but did not observe the localization of a finite spin density within 30 Å reported in Ref. 3 . The only clear difference between the two approaches is the use of ultrasoft pseudopotentials in Ref. 3 as opposed to the PAW potentials used in our work. Since we do not have information on the specific pseudopotentials they used, we can only assume that the more general PAW approach is accurate.
If a N dopant does not occupy the substitutional sp 2 site in the graphitic network, it will be absorbed on the surface of a CNT and/or graphite microcrystal or intercalated between graphene layers. Indeed, as experiments demonstrate, instead of occupying the substitutional sp 2 position in the graphitic network, a substantial part of the dopant is chemisorbed 43 on the nanotube surface, forms nitrogen molecules intercalated between graphite layers, 12 or binds to irregular carbon structures in sp 3 sites. 4 The intercalated N atom can crosslink between graphene layers 11 or form bonds with a single graphene layer, depending on the distance between the layers ͑in the bundles of single-walled nanotubes͒ and the local stacking type.
The properties of N impurities intercalated between graphite layers are determined by not only local covalent bonding but also long-range changes in the interlayer separation, i.e., by van der Waals-type interactions. Since van der Waals interactions are poorly described within DFT with LDA or GGA, 44, 45 here we only consider the case when the N dopant forms bonds with a single graphene layer. However, we think that the overall behavior of N impurities between graphitic layers is correctly reproduced by this model, as the covalent interaction is much stronger than the weak van der Waals forces.
The N adatom forms a bridgelike structure on the graphene surface, as shown in Fig. 1͑a͒ . This is similar to the behavior of the carbon and oxygen adatoms on the graphene surface. 46, 47 The length of the C-N bond is 1.45 Å and the length of the bond between the two C atoms bonded to the N is 1.58 Å. These two C atoms become sp 3 -hybridized. The adsorption energy is 0.93 eV, and this structure has a magnetic moment of 0.57 B . Figure 1͑b͒ shows the distribution of spin-polarization, most of which comes from the p orbital of the N adatom, which is perpendicular to the C-N-C plane.
On the outer surface of CNTs, N adatoms also form bridgelike structures with two C atoms. 43 Due to the inequivalence of adjacent C-C bonds on the wall of nanotubes, there are two kinds of bridgelike structures on both the zigzag ͓͑7, 0͒ and ͑9, 0͔͒ and armchair ͓͑5, 5͔͒ tubes as shown in Fig. 2 . These two kinds of structures are termed "perpendicular" and "parallel," respectively, according to the orientation of the bridge plane relative to the axis of the tube. For the ͑7, 0͒, ͑9, 0͒, and ͑5, 5͒ tubes, the "perpendicular" configuration is lower in energy than the "parallel" one. In the "perpendicular" configuration, the N adatom pushes the two bonding C atoms apart, and the bond between these two C atoms is broken. Table I gives the magnetic moment and adsorption energy of each configuration for each tube. Every configuration has a finite magnetic moment. Similar to the N adatom on graphene, the magnetic moment of the tube mainly comes from the p orbital of the N adatom. In general, the magnitude of the magnetic moment is related to the coupling of this p orbital with the surface orbitals-the larger the coupling the smaller the moment.
Comparing the magnetic moments of these three tubes, we find that the magnetic moments of the "perpendicular" configuration are smaller than those of the "parallel" one for all three tubes. This is due to the difference in structure induced by the impurity, i.e., the C-C bond is broken for the perpendicular configuration resulting in a much stronger coupling between the orbitals of the N adatom and the carbon system, reducing the moment.
The magnetic moment of every configuration of the ͑7, 0͒ tube is larger than that of the same configuration for ͑9, 0͒ and ͑5, 5͒ tubes. From zone-folding arguments, perfect ͑7, 0͒, ͑9, 0͒ and ͑5, 5͒ SWNTs are semiconducting, metallic and metallic, respectively ͑noting that graphite is a semimetal͒. The more delocalized orbitals in the metallic systems couple more strongly to the N adatom's p orbital reducing the moment. This behavior contrasts with that seen for a C adatom, 46, 48 as carbon has two unpaired orbitals involved in the magnetic moment, whereas nitrogen's lone pair saturates two, leaving only a single unpaired orbital.
B. N adatom diffusion and N 2 formation
Having calculated the minimum energy configuration for a N adatom on graphene surface, we evaluated the energy barrier for the adatom to migrate to a adjacent equilibrium bridgelike position. The calculations were done by the nudged elastic band method 49 implemented into VASP to determine minimum-barrier diffusion paths between known initial and final geometries. The nudged elastic band method starts from a chain of geometries interpolating between the initial and the final geometries. Then the atomic configurations in the different geometries are iteratively optimized using only the ionic-force components perpendicular to the hypertangent.
The migration barrier is 1.1 eV with the migration path being nearly a straight line connecting the original and final equilibrium positions of the adatom. This relatively low migration energy means the N adatom should be highly mobile at high temperatures ͑over 900 K͒ used for C-N nanotube growth ͑in our estimate we assume that the jump frequency of the N adatom is close to the jump frequency of a C interstitial in graphite 50 ͒, but of limited mobility at room temperature. However, for N interstitials intercalated in graphite the presence of a nearby layer may lower the migration barrier.
N adatoms on graphene surface may coalesce to form N 2 molecules. Figure 3 shows the coalescence process of two N adatoms. The simulation is done by constrained molecular dynamics. The projected distance between the two N atoms on the graphene plane is fixed at each step. The simulation starts from the structure ͑I͒ which is the local stable state just before the reaction. Both N atoms form bridgelike structures at this step. Structure ͑II͒ is the maximum energy state during the reaction, where one N atom forms a bridgelike structure while the other has only a single bond with graphene. Structures ͑III͒ and ͑IV͒ are the states when the projected distance between the N atoms are 1.9 Å and 1.5 Å, respectively. At 1.9 Å ͓stage ͑III͔͒, each both N atoms have only a single bond with the graphene surface. At 1.5 Å, a N 2 molecule has been formed and it leaves the graphene surface ͑the bond length of a free N 2 molecule is 1.11 Å͒. The activation energy for this reaction is 0.80 eV.
On the wall of CNTs, the migration of N adatoms and the N + N coalescence are more complicated and are related to the diameter of the tube. The general tendency is that the TABLE I. Magnetic moment and adsorption energy of N adatoms ͑N-ad͒, C adatoms ͑C-ad͒ and C adatom-substitutional N atom pairs ͑as shown in Fig. 4͒ on the surface of graphene and SWNTs.
Magnetic moment ͑ B ͒
Adsorption energy ͑eV͒ migration barrier of adatoms on the outer nanotube surface increases with the decrease in the diameter of the nanotube. 51 On locally highly distorted sites of graphene or on smalldiameter nanotubes, such as those in Figs. 2͑a͒ and 2͑b͒, the mobility of N adatom is low and the N adatom might be pinned at these sites. N atoms intercalated between graphene layers have been observed in graphite after nitrogen irradiation 52 and in carbon nanotubes after nitrogen plasma treatment.
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C. Substitutional nitrogen-carbon adatom pairs
During the production process of CNx films or nanotubes by substitutional reaction methods, after N plasma treatment, and especially after irradiation of the originally pristine carbon material with N ions, a number of C atoms can take interstitial positions. The interaction of C interstitials with substitutional N impurities has never been studied before.
The ground state of a C adatom on the graphene surface is a bridgelike structure. 46 To find the minimum energy configuration of the C-adatom-N-impurity pair, we placed a C adatom at six different bridge positions above the bonds N-A, A-B, B-C, B-D, C-E, and E-F, as shown in Fig. 4͑a͒ . To fully understand the transformations which may happen to N impurities and intrinsic defects in graphite and nanotubes, we also considered the possible exchange of a N adatom with one of the C atoms bonded to the adatom. Figure 4 shows the start configuration ͑b͒ with the lowest energy and the final configuration ͑d͒, which is metastable, along with the transition point along the path ͑c͒.
The full energy landscape of the C adatom migration is shown in Fig. 5͑a͒ . Clearly the most stable configuration is for the carbon lattice to be restored by forming a N adatomthe barrier for exchange with N from this configuration is almost 4 eV. The most stable site for an existing C adatom near substitutional N is actually at site A-B ͑the structure " N-sub+ C-ad" denoted in Table I͒ . The adsorption energy at A-B ͑2.39 eV-see Table I͒ is larger than the adsorption energy of a C adatom on the pure graphene surface by 0.83 eV. 46 The barrier between A-B and N-A is about 0.7 eV, but the opposite migration has a barrier of less than 0.1 eV-hence the real barrier for a C adatom to exchange with a substitutional N is about 1.4 eV. This is inaccessible at room temperature, so the C adatom-substitutional N defect complex is stable.
The barrier for C to migrate to the next site away from substitutional N is about 0.8 eV, and this barrier tends to the FIG. 3 . ͑a͒ Coalescence process of two single N adatoms into a N 2 molecule and the corresponding potential-energy profile as a function of the projected distance between the N atoms on the graphene plane. ͑I͒ Local stable configuration before the coalescence start. ͑II͒ Maximum energy state during the coalescence process. ͑III͒ Intermediate configuration with the distance between the N atoms being 1.9 Å. ͑IV͒ N 2 molecule is formed and leaves the graphene surface. ͑b͒ Energy of the coalescence process given with respect to configuration ͑I͒.
FIG. 4.
͑a͒ Graphene sheet with a substitutional N atom and a C adatom. Migration path ͑b͒ ⇒ ͑c͒ ⇒ ͑d͒ from a graphene layer with a N adatom ͑b͒ to a graphene with a substitutional N atom and a C adatom ͑d͒. The N atom "pushes" down one of the underlying C atoms and forms a "dumbell" at the saddle point ͑c͒. The grey and black spheres represent C and N atoms, respectively. value for ideal graphene ͓0.45 eV ͑Ref. 46͔͒ as the adatom travels further from N. Also, the general trend is that it is easier to approach the substitutional N site than retreat from it until the C adatom reaches the stable A-B position.
For all the configurations, the magnetic moments are nearly twice as large as that of a C adatom on a pure graphite sheet ͑0.45 B ͒. 46 The moment slightly depends on the distance of the C adatom from N, with a decrease of about 0.2 B at the site E-F position ͓see Fig. 5͑b͔͒ . The substitutional N atom also enhances the magnetization of the C adatom on nanotubes ͑see Table I͒ . In all cases the distribution of the magnetization is similar to that shown in Fig. 1͑b͒ .
The reason for the magnetization enhancement is as follows: Two of the four valence electrons of the C adatom participate in the covalent bonds with the C / N atoms in the substrate. One electron goes to the dangling sp 2 bond. The other is shared between the dangling sp 2 bond and the p orbital perpendicular to the bridge plane. 46 The dangling sp 2 orbital is much more prone to form bands with the surface orbitals than the perpendicular p orbital. The more electrons can be supplied by the substrate to form bands with the dangling sp 2 orbital, the less electrons will be needed from the p orbitals, and thus more electrons of the p orbital will be spin-polarized. Comparing with the surfaces of pristine graphite and carbon nanotubes, a substitutional N atom near the C adatom can supply more electrons to form bands with the dangling sp 2 orbitals. This explains the enhancement of the spin-polarization of the C adatom by substitutional N.
IV. CONCLUSIONS AND OUTLOOK
Density-functional theory has been used to study the migration of a N adatom on the graphene surface and to investigate the contribution of N impurities to the magnetism observed in graphitic systems. Substitutional N atoms in both graphite and carbon nanotubes do not support any magnetic moment. However, N adatoms on the surfaces of graphite and CNTs have localized magnetic moments. We further studied the stability of various impurity configurations and showed that although single-atom N impurities are metastable with respect to the coalescence into N 2 molecules, followed by possible desorption from the sample, many magnetic impurity and/or intrinsic carbon defect configurations may survive at room temperature. Thus, if graphite or CNTs are irradiated with N ions, it is likely that a host of metastable substitutional N sites, vacancies and C adatoms will be created. 36 Our results also show that substitutional N impurities act as stable attractors for mobile C adatoms, forming magnetic defect complexes. If we assume that the concentration of N impurities is 1 ppm and that all the local magnetic moments contribute to the macroscopic magnetic state, the graphitic sample should have the macroscopic magnetic moment M of around 10 −3 emu/ g. Correspondingly, an impurity concentration of 1000 ppm should provide M ϳ 1 emu/ g. Such an impurity concentration can easily be achieved by N implantation onto a thin ͑submicrometer͒ graphitic and/or nanotube sample. For example, an irradiation dose of 10 16 N ions/ cm −2 with energies 10-700 keV ͑to guarantee relatively smooth distribution of the implant atoms in the sample͒ would give an impurity concentration of 1000 ppm in a micrometer-thick sample. These values are in good agreement with recent nitrogen irradiation experiments on nanodiamond samples. 53 In that experimental work highenergy ͑100 keV͒ nitrogen ions were implanted in nanosized diamond ͑which is graphitized at high irradiation dose͒. Magnetic measurements on the doped samples showed ferromagnetic order at room temperature.
Given that much work has been done to study the magnetic properties of transition metals adsorbed on graphite and SWNTs to pursue low-dimensional nanomagnets, [54] [55] [56] [57] our results also imply that thin ͑ϳ100 nm͒ CN films or nanotubes may be a very attractive alternative to pure carbon systems. Fig. 4͑a͒ , apart from reaction coordinate zero, where the C adatom replaces the substitutional N, resulting in a N adatom. Energy is given with respect to the lowest energy state. ͑b͒ Adsorption energy and magnetic moment of the C adatom at different sites on the graphene sheet. Energy is given with respect to configuration N-A. The x coordinate is the projected distance between the N atom and the C adatom on the graphene plane.
